Circle hooks have become a standard requirement in many commercial longline fisheries in the united states, and are used increasingly worldwide. Circle hooks, when compared to J-hooks, are thought to reduce bycatch without significantly decreasing (and possibly increasing) catch of most target species. Circle hook offset and baiting technique are also thought to influence bycatch and mortality of species of concern, such as sea turtles and billfishes. we compared non-offset circle hooks to those with a 10° offset and single or threaded baiting techniques in the united states atlantic and gulf of mexico pelagic longline fishery. offset and/or baiting techniques were compared within sets targeting one of three species independently: swordfish, Xiphias gladius linnaeus, 1758, yellowfin tuna, Thunnus albacares (bonnaterre, 1788), and bigeye tuna, Thunnus obesus (lowe, 1839). most comparisons of catch and bycatch did not differ between gears or techniques. in swordfish-directed sets, we found a 46% decline in catch of atlantic sailfish when using 18/0 non-offset circle hooks single baited with mackerel compared to 18/0 10° offset circle hooks with threaded mackerel. in yellowfin tuna sets, single baiting significantly decreased target catch by 22% and escolar catch by 28%, compared to threaded baiting. we detected no significant effect of any of the offset or baiting treatments on the bycatch of sea turtles and most other species of concern due to the rarity of capture events. we conclude, in part, that bycatch mitigation research in other fisheries with larger detrimental population level impacts to species of concern may potentially yield greater conservation benefits.
Circle hooks have become a standard requirement in many commercial pelagic longline fisheries in the united states to reduce bycatch, and increasingly are used worldwide. species groups of bycatch concern in pelagic longline fisheries include sea turtles (watson et al. 2005, sales et al. 2010), billfishes (kerstetter and graves 2006a, diaz 2008, serafy et al. 2009), sharks (kerstetter and graves 2006b, yokota et al. 2006) , and marine mammals (silva et al. 2002, garrison 2007) , as well as undersized swordfish in us pelagic longline fisheries. Circle hooks and J-hooks vary in shape, size, and offset (the angle of the point relative to the shank, see prince et al. 2007) . despite this variation, when compared to J-hooks, circle hooks are thought to reduce bycatch of some species such as sea turtles (watson et al. 2005, piovano et al. 2009, sales et al. 2010) , increase post release survivorship of hooked fish (bartholomew and bohnsack 2005, horodysky and graves 2005, serafy et al. 2009 ), and may increase (woll et al. 2001, gilman et al. 2007 ) or at least not significantly decrease the catch of most target species (watson et al. 2005, piovano et al. 2009, foster et al. 2012) . billfishes in particular are thought to benefit from circle hook use because boatside mortality and severity of injuries are reduced (serafy et al. 2009 ).
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The degree of circle hook offset and baiting technique onto circle hooks are both thought to influence bycatch and post-release mortality of sea turtles (gilman et al. 2006 ) and other species (prince et al. 2002) . fishers appear to prefer offset circle hooks due to ease of baiting and perceived greater catch rates compared to non-offset circle hooks, and tend to use either a single baiting technique, where finfish bait is hooked once through both eyes, or a threaded baiting technique, where the hook is passed through the bait in two places, covering more of the hook. in a study of paired comparisons between offset and non-offset circle hooks in a pelagic longline fishery, swimmer et al. (2010) found no effect on sea turtle bycatch or on the catch of other species. however, epperly et al. (2012) found survival differences between non-offset and offset circle hooks.
we hypothesize that the greater the circle hook offset, the greater the probability of gut hooking and foul hooking in sea turtles because as offset increases, an offset circle hook may act more like a J-hook. we further hypothesize that the threaded baiting technique would capture more sea turtles by mouth or gut hooking than the single hooking technique because sea turtles may be more likely to ingest a hook with threaded bait, whereas with single hooked baits sea turtles could tear off some of the bait without getting a hook in their mouth (gilman et al. 2006, stokes et al. 2011) .
our objectives were to evaluate the pelagic longline bycatch reduction capability of non-offset circle hooks and single baiting techniques compared to 10° offset circle hooks and threaded baiting techniques. The study was conducted in the gulf of mexico and western north atlantic coastal management areas of the us, for those vessels targeting swordfish, yellowfin tuna, and bigeye tuna (see appendix 1 for species and authorities). we also examined the catch rates and boatside mortality of the five most commonly caught species in each study to evaluate the impact of the gear changes on target and other landed species. methods Three independent studies in cooperation with industry were conducted in 2005 on pelagic longline vessels in the western north atlantic and in the gulf of mexico ( fig. 1 ). we examined the impact of bycatch reduction technologies relative to existing gear on vessels targeting swordfish, yellowfin tuna, or bigeye tuna. The gear, baiting technique, and the regions fished varied by target species. we conducted each experiment during the 3-mo period that was anticipated to have the most interactions with the regional bycatch priority species for each of the target species. each study examined two experimental treatments, paired within each set by alternating either hook offset, baiting technique, or hook offset combined with baiting technique (e.g., offset, no offset, offset). all branch lines or snaps were color coded to allow positive identification of hook type and baiting technique used. we did not expect color coding to impact our treatments because colors were far from the bait and, at least in sea turtles, bait color does not appear to impact bycatch (swimmer et al. 2005) .
all research sets used commercial longline gear configurations and fishing practices associated with the region and target species. all gear configurations were consistent within a set (see table 1 for details). branch lines were at least 110% of the float line length. hook spacing was uniform within a set. all fish that could be legally landed were retained for sale by the vessel. yellowfin tuna.-we employed pelagic longline vessels to conduct sets targeting yellowfin tuna in the gulf of mexico from april 17 to september 26, 2005, to evaluate bycatch reduction potential for 16/0 non-offset circle hooks with single hooked spanish sardine baits (hereafter referred to as yft-0-s) compared to 16/0 non-offset circle hooks with threaded spanish sardine baits (hereafter referred to as yft-0-t). This experiment tested for the baiting method effect in the yellowfin tuna fishery. spanish sardine baits were standardized to 2.7-3.6 kg −1 (6-8 lb −1
). The single baiting technique hooked the bait through both eyes (e.g., fig. 3a in broadhurst and hazin 2001) from either direction (left and right handed baiters). The threaded baiting technique for this experiment used a hook that was tied such that the leader was in line with the hook shank, which entered through both eyes from either direction, then reentered through body of the bait. ) with whole squid bait (hereafter referred to as bet-10-sq). Threaded squid bait was the same for both treatments, thus this experiment tested for the hook offset effect in the bigeye tuna fishery. all sets used 150-300 g Illex sp. squid placed on the hook through the tip of the mantle on the belly side (reverse side of tail flaps). The hook was inserted in the squid belly and pushed through to fully expose the hook point and barb to allow the monofilament tail holder to fit securely through the squid tail.
statistical analysis.-all experiments were designed as paired comparisons. each set within each target experiment was treated as an independent experimental unit (e.g., each set by vessels targeting bigeye tuna was treated as an experimental unit). in most cases, we performed paired t-tests (e.g., swimmer et al. 2010); when catch was small we employed the non-parametric wilcoxon signed-rank test (in all analyses, significance was determined at α = 0.05). in no case was significance determined without the paired t-test and the wilcoxon signed-rank test both being in agreement. we also used the Cochran-mantel-haenszel test to determine differences in the counts of the number of dead and alive at boatside by species by set (kerstetter and graves 2006b). all statistical analyses were performed using r (v. 2.13.0, freeware. available at: http://www.r-project.org via the internet. accessed 18 July, 2011). in most cases, where sample size was sufficient, we evaluated catch per unit effort (Cpue) and mortality. Cpue was calculated per set as the number of individuals captured per 1000 hooks by treatment. percent mortality was calculated per set as the number of individuals observed dead at boatside divided by the total number of individuals captured in the set by treatment multiplied by 100. if no individuals were captured by either treatment in a set, then that set was excluded from analysis because there was no observed paired comparison.
results from all three experiments we observed a total of 203 pelagic longline sets and a total of 130,953 hooks (swordfish: 78 sets of 39,741 hooks; yellowfin tuna: 85 sets of 57,805 hooks; bigeye tuna: 40 sets of 33,407 hooks). The target species was the largest proportion of the catch in only one of the three experiments (tables 2, 3, and 4). swordfish made up the largest proportion of the catch (43%, table 2) in the swordfish-targeted sets. in the yellowfin tuna-targeted sets, lancetfish, a bycatch species, was the largest proportion of the catch (34%, table 3) and yellowfin tuna made up the second largest proportion of the catch (22%). in bigeye tuna-targeted sets, bigeye tuna made up a relatively small proportion of the catch (approximately 3.8%, table 4), with swordfish comprising the largest proportion of the catch (28%, table 4).
swordfish.-we found a nearly 46% reduction in catch rates for atlantic sailfish in swordfish-targeted sets, when using single hooking baiting on non-offset circle hooks (table 5) accompanied by no significant decrease in boatside mortality. There were no other significant differences in catch rate or boatside mortality in any of the other species (table 5) . we also found no significant decrease in the catch rate of undersized swordfish (<120 cm from the tip of the lower jaw to tail fork) on swo-0-s treatment (t = 0.73, df = 62, P = 0.47). Table 2 . Percent of total catch and number caught by experimental treatment from sets targeting swordfish (Xiphias gladius). A 10° offset 18/0 circle hook with threaded mackerel bait (SWO-10-T) was the control and the treatment was a non-offset 18/0 circle hook with single hooked mackerel bait (SWO-0-S). See Appendix 1 for species names. yellowfin tuna.-There were significant differences in catch rates of three species in yellowfin tuna targeted sets due to the baiting method, but the direction and magnitude of the effect did not suggest any consistent pattern (table 6). The catch rate of the target species, yellowfin tuna, was significantly reduced by approximately 22% when using the non-offset 16/0 circle hook with single hooked sardine bait compared to a non-offset 16/0 circle hook with threaded sardine bait. escolar was similarly significantly reduced in catch rate (28%), and about half of this catch was retained (117 of 224). Cpue of lancetfish, a major bycatch species, was increased 15% by the treatment. most (approximately 88%) lancetfish were also discarded dead, but baiting method had no significant effect on capture mortality (table 6) for this or any other species. bigeye tuna.-in bigeye tuna-targeted sets there were no significant differences in catch rate or boatside mortality when using non-offset 18/0 circle hooks compared to 10° offset 18/0 circle hooks for the top five captured species and other species of interest (table 7) . There was also no consistent trend in the direction of the impact of using non-offset circle hooks (table 7) . we also found no significant decrease in the catch rates of undersized swordfish (<120 cm from the tip of the lower jaw to tail fork) on the bet-0-sq treatment (t = 0.527, df = 25, P = 0.60).
non-fish bycatch (sea turtles, marine mammals, and seabirds).-during all three experiments we observed the capture of 16 leatherback sea turtles, all of which were released alive. one of the leatherbacks was released with gear attached because the leader broke; the remaining 15 were all released without any gear attached and in 13 of the cases they were noted to be in good condition (two cases had no information on the condition at the time of release). for leatherbacks, no clear pattern of capture as a function of the experimental treatments was apparent in the data. four leatherbacks were captured in the swordfish target study (Cpue approximately 0.10 per 1000 hooks), three on the swo-0-s treatment, and one on the control swo-10-t (table 2) . seven leatherbacks were captured in the yellowfin tuna target study (Cpue approximately 0.12 per 1000 hooks), 1 on a yft-0-s treatment, 4 on the control yft-0-t (table 3) , and 2 were on an unknown treatment. in this experiment, all leatherbacks were either foul hooked, entangled, or of unknown hook location. five leatherbacks were captured in the bigeye tuna target study (Cpue approximately 0.14 per 1000 hooks), 1 on the bet-0-sq treatment, 2 on the control bet-10-sq, and 2 were unknown (table 4). small sample size (n = 3) precluded significance testing. most leatherbacks (14 of 16) were foul hooked or entangled.
we captured eight loggerhead sea turtles and all appeared to either dive or swim away vigorously without any gear attached. two of the loggerheads were captured in the swordfish target study (Cpue approximately 0.05 per 1000 hooks), 1 was on the swo-0-s treatment, and 1 was on the control swo-10-t (table 2). no loggerheads were captured in the yellowfin tuna target study. six loggerheads were captured in the bigeye tuna target study (Cpue approximately 0.17 per 1000 hooks), 4 on the bet-0-sq treatment, and 2 on the control bet-10-sq (table 4) . most loggerheads (6 of 8) were mouth hooked, and we found the same number of mouth hooked individuals in treatments and controls in the swordfish-targeted and bigeye tuna-targeted sets.
Three pilot whales and two greater shearwaters were captured during the experiments. one pilot whale was mouth hooked on the control bet-10-sq, and two were entangled on lines with treatment bet-0-sq in bigeye tuna targeted sets (table 4). The two entangled pilot whales were released alive after all gear was removed. The one mouth hooked pilot whale was released alive with approximately 0.6 m of line remaining. one greater shearwater was foul hooked on treatment swo-10-t on a vessel targeting swordfish (table 2) and was released alive. The other greater shearwater was entangled and found dead on treatment bet-10-sq on a vessel targeting bigeye tuna (table 4) . discussion across all three studies we saw no consistent decreases in Cpue or mortality due to non-offset circle hooks or single hooking baiting techniques. The only significant bycatch reduction for a species of concern was found for atlantic sailfish on vessels targeting swordfish when using the treatment of non-offset 18/0 single hooked mackerel bait compared to 10° offset 18/0 circle hooks with threaded mackerel bait. a recent review noted that there has been no study showing a significant decrease in catch rates of circle hooks compared to J-hooks for billfishes (serafy et al. 2009 ). in a recreational fishery, sailfish showed significantly more injuries and greater severity of injuries when caught on J-hooks compared to those caught on circle hooks but there were no differences due to the degree of offset of circle hooks (<4° compared to about 15°, prince et al. 2002) . the observed 46% decrease in atlantic sailfish catch in light of these other findings would argue that the observed reduction may be due in large part to the baiting technique and not hook offset. unfortunately, our design does not allow for such a determination because hook offset and baiting technique were confounded in the treatments. we speculate that for single hooked mackerel bait, the sailfish may be tearing off part of the bait, thus having a lower probability of being hooked on this treatment and having little to do with the effect of circle hook offset. whatever the mechanism, this result shows promise for bycatch reduction of atlantic sailfish when using non-offset 18/0 circle hooks with single hooked mackerel bait.
we occasionally found a significant reduction in landed catch due to our tested bycatch reduction technologies. The observed reduction of 22% and 28% for yellowfin tuna and escolar on vessels targeting yellowfin tuna was a significant cost to using single hooked sardine bait compared to the threaded sardine bait, both on 16/0 nonoffset circle hooks. we suspect that the reduced catch of the target species yellowfin tuna and escolar on single hooked sardines may be directly related to the tendency of the bait to pull off the hook as sardines are very soft and the skin is also thin and weak. Table 5 . Catch per unit effort (CPUE, catch per 1000 hooks) and mortality in swordfish-targeted sets for the top five most caught and other species of interest. ns = not significant, ** P < 0.01. SWO-10-T = 10° offset 18/0 circle hook with threaded mackerel bait, SWO-0-S = non-offset 18/0 circle hook with single hooked mackerel bait. The bycatch of most species (other than atlantic sailfish), particularly sea turtles, sharks, and undersized swordfish, all showed either no significant reductions or no consistent pattern of directionality in catch rates or mortality rates on any of our potential bycatch reduction treatments. we note that in most cases, lack of statistical significance may be due to the relatively low number of individuals captured, which resulted in few paired samples. few paired samples could be due to hook and/or bait configurations that resulted in fewer bycatch species becoming hooked, or it could be due to bait loss in some treatments such as single hooked fish (ward and myers 2007). The only other bycatch species that showed a significant result, except for atlantic sailfish, was lancetfish which evidenced a 15% increase in catch on single hooked sardine bait compared to threaded sardine bait.
mixed results have been found in direct comparisons of circle hooks to J-hooks (e.g., kerstetter and graves 2006b , gilman et al. 2007 , Carruthers et al. 2009 ). watson et al. (2005 found significant effects (sometimes in opposite directions) of, and significant differences between, non-offset and 10° offset circle hook catch rates compared to J-hooks on swordfish and blue sharks. watson et al. (2005) also found no significant difference between the reduction in catch rates of non-offset circle hooks and 10° offset circle hooks on sea turtles (loggerheads and leatherbacks), but their design did not allow for paired comparisons of non-offset and 10° offset circle hooks within their sets. epperly et al. (2012) found that the odds of a swordfish being deep hooked on the 10° offset 18/0 circle hook were significantly greater than the odds associated with the non-offset 18/0 circle hook, and that the odds of boating a dead swordfish were greater for some hooking locations when using the 10° offset hook. similarly, the authors found that the odds of boating a dead bigeye tuna were greater on the offset hook.
our estimated turtle catch rates on circle hooks were comparable to those found by watson et al. (2005) , for all their treatments except J-hooks with squid bait, which were about 0.2 turtles (loggerheads and leatherbacks) per 1000 hooks. alternatively, other studies found somewhat greater circle hook bycatch rates, such as 0.41 loggerheads per 1000 hooks observed in the mediterranean on 16/0 10° offset circle hooks (piovano et al. 2009 ). These comparisons suggest that the magnitude of bycatch reduction for sea turtles in pelagic longline fisheries due to circle hook use is probably region, season, and fishery specific (gilman et al. 2006 ). all of the sea turtles were released alive and seemed to be in good condition, except for one leatherback released with the line attached. sea turtles captured on gear where hooks are more likely to be swallowed may suffer higher mortality (gilman et al. 2007 ), but post-hooking mortality due to either the direct injuries from the gear (Valente et al. 2007) or from the stress of capture remains unquantified for sea turtles. we encourage the further application of methods such as satellite tagging, which has been successfully applied to billfishes (e.g., horodysky and graves 2005, graves and horodysky 2008) to evaluate post-hooking mortality in sea turtles (swimmer et al. 2006, sasso and epperly 2007) .
for endangered and threatened species such as sea turtles, our results and those of others (swimmer et al. 2010) imply that there is a relatively small conservation benefit in catch rates or boatside mortality of non-offset circle hooks compared to minor offset (10° or less) circle hooks. large sample sizes would be needed to detect differences in catch rate or mortality of protected species due to offset or baiting technique. for example, a power analysis (P = 0.8, α = 0.05) utilizing the variance estimated from the pooled catch rates of leatherback sea turtles in the yellowfin tuna-targeted sets suggests a sample size of at least 4185 sets would have been needed to detect a 25% decrease in Cpue. although a conservative approach would favor non-offset circle hooks, other bycatch mitigation strategies could be considered, such as avoiding bycatch hotspots through communication programs, time-area closures, and further research on baiting techniques. we recommend basic fishery independent research that would help predict habitat conditions that favor a species of concern and lead to predictive models that could greatly mitigate bycatch. bycatch mitigation research in other fisheries with larger detrimental population level impacts to sea turtles (lewison and Crowder 2007) and other species of concern may potentially yield greater conservation benefits than pursuit of minor gains in bycatch reduction due to changes in circle hook offset (10° or less). acknowledgments we thank the fishers, observers, and the southeast fisheries science Center pelagic observer program that made this research possible. funding was provided by the national Table 7 . Catch per unit effort (CPUE, catch per 1000 hooks), and mortality in bigeye tuna targeted sets for the top five most caught and other species of interest. ns = not significant. BET-10-Sq = a 10° offset 18/0 circle hook with squid bait, BET-0-Sq = non-offset 18/0 circle hook with squid bait. marine fisheries service Cooperative research program, project na04nmf4540212. we thank the organizers of the international symposium on Circle hooks, J serafy and g diaz; their encouragement and enthusiasm are infectious.
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